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Abstract

We describe an automated approach to analyzing whole plasma samples using online extraction without the need for an analytical column.
A single restricted access material (RAM) column provided online extraction and pre-concentration of analytes while effectively removing
proteins, salts and other biological materials found in the plasma sample matrix. The reduction in the plasma matrix enabled direct elution of
the analytes from the extraction column to the mass spectrometer for selective detection. The precision of the method was evaluated using a
proprietary therapeutic agent (Compound A) and was less than 5% over the range of 1-500 ng/ml in spiked whole plasma, with an LOQ of
1ng/ml. A side-by-side comparison of RAM results from a pharmacokinetic study in rats was made with a traditional protein precipitation
LC-MS method and a correlation of 0.993 was obtained between both methods. The injection-to-injection cycle time for the RAM method
was 8 min. Further automation was demonstrated by addition and mixing of the internal standard to all samples via an injection program of
the autosampler.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction added, which can impact detection limits. Pre-concentration
of the analyte is a benefit afforded by more specific extraction
Sample preparation is a key consideration for the develop- techniques such as solid-phase extraction (SPE), however, the
ment of reliable quantitative HPLC methods used to measureroutine use of these methods can be difficult to autori@dte
therapeutic agents in plasma. However, increasing sample Alternatively, efforts were made to develop a direct sam-
cleanup usually involves a trade-off with increased analysis ple injection technique to minimize analysis time and sample
time, complexity and/or consumables cost. By far the most manipulations without sacrificing the quality of analysis. A
common approach routinely reported is simple precipitation recent report by Mei et a[5] indicated that sample manip-
of plasma proteins using an organic solvent with or with- ulations can introduce interference from disposable plastic
out the addition of an acid, followed by centrifugatidn2]. labware. Direct online injection methods may offer the ad-
While simple, this procedure may not provide adequate se-vantage of reducing steps during sample preparation. New
lectivity since many endogenous plasma components remaincolumn technologies using restricted access materials (RAM)
in the supernatant and co-precipitation of the analyte in the are well suited for this since they combine sample cleanup
protein pellet may occyB]. In addition, the compound of in-  and pre-concentration in one step, permitting online extrac-
terest is diluted, depending on the amount of organic solventtion of whole plasmd6]. In addition to RAM technology,
direct online extraction methods have been previously re-
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lytical columns, to allow direct injection of plasma without
causing irreversible damage to the stationary phase of the an-
alytical column[3,9]. Applications of RAM technology for o ~o

anti-depressanf41], anti-malarialg12] and phthalated 3]. )
A comprehensive review by Souverain et §l4] reported
over one-hundred applications of direct injection of biologi-
cal matrices onto RAM supports, however, very few literature
examples demonstrated the direct coupling of RAM columns
to MS detection.

Our efforts were focused on achieving a reliable method
without using an analytical column since MS—MS provides )
sufficient specificity to achieve this. Furthermore, in addition 2-2- Equipment
to minimizing analysis time, eliminating the analytical col- )
umn also reduces time spent developing the second step in All analyses were performed using an HP1090 HPLC
the chromatographic method, which is highly beneficial in from Hewlett-Packard (Palo Alto, CA, USA) equipped with
early drug discovery. a Rheodyne (_Rohnert Park, CA, USA) §W|tch|ng valve. The

A RAM column that uses 2gm silica particles with a  Online extraction was accomplished using 228 mm C18
C18 phase embedded within the porous center was selecte@®AM-ADS (alkyl diol silica) column with a 25.m parti-
for direct analysis of plasma. Macromolecules greater than Cl€ Size, obtained from Merck KGaA (Darmstadt, Germany).
15,000 Da. are prevented from entering the pores of the sta-An ADS |nI|_ne filter with a stainless steel frit from Merck
tionary phase because of size exclugib/L5]. In addition, KGaA, was installed between the autosampler and_the RAM
the particle surface is also coated with an inert, hydrophilic column. Control of the HPLC system was accomplished us-
layer to prevent non-specific adsorption of bio-molecules INg Hewlett-Packard Chemstation. _
such as proteinfl,16]. The analyte is retained within the Mass spectrometric measurements were made using
C18 phase during the sample-loading stage permitting re-2 S_C|ex AP_I Il (Thornhill, Cf';mada) mass spectrometer
moval of the plasma matrix when using highly aqueous mo- gqmpped with a heated nebulizer source. Sample schedul-
bile phase. Furthermore, a high flow rate during loading ef- "g and data capture was performed using §N[§softwa_re .
fectively removes large bio-molecules and salts. Because of2nd processed using MacQuan from Sciex. Synchronization
the large particle size (35m), back-pressure from the RAM of the HPLC and MS was acgomphshed with an Autolink
column was well below pressure limits (300 bar) even at flow Systém from MGT systems (Milton Keynes, UK).
rates of 5ml/min. During desorption, a steep gradient was
applied since the separation of Compounds A and B was 2.3. HPLC conditions
not required for detection and quantitation by MS—M3].

In fact, from our experiences with MS—MS quantitation, re-  Plasma samples (30) were injected onto the RAM col-
moval of salts, proteins and other components of the plasmaumn using a mobile phase composition of water/methanol
matrix have a much greater impact on data quality and method(95:5 v/v) (Solvent A) pumped at a flow rate of 2ml/min
reliability. (0—3 min) through the RAM-ADS column and diverted to

Direct analysis of rat plasma spiked with Compound Aand waste. For analyte desorption, a gradient elution of 0.1%
an internal standard (ISTD) Compound B, was evaluated. A (v/v) formic acid in acetonitrile (Solvent B) at 0.8 ml/min
pharmacokinetic profile of Compound A dosed in rats was Was used, 0-90% B (3—5min) and sustained at 10% A:90%
evaluated using both the RAM technique and a protein pre- B (5—7 min) with the eluent flow directed to the mass spec-
cipitation method to demonstrate the feasibility of the RAM trometer at 4-6.9 min. A short column-recondition stage fol-
technique as a routine method. lowed for 60s (7—8 min) with 100% solvent A at 2ml/min

prior to the start of the next injection. The column temper-
ature was maintained at room temperatur@%°C) in the

SPE-LC of bio-fluids have been reported for a wide range of o o
compound classes such as organophosphorus tri¢s@rs F\’/ -~
F R R
Fig. 1. Partial structures of Compounds A and B (internal standard).

group (Montreal, Canada). Deionized water was generated
using a Millipore Milli-Q system (Bedford, MA, USA).

2. Experimental column compartment. Flow to the UV detector was only used
during method development to obtain the plasma elution pro-
2.1. Materials files using a UV wavelength of 254 nrRify. 2), and to further

investigate analyte recovery in the presence of plasma.
HPLC-grade methanol and acetonitrile were obtained
from EM Science (Darmstadt, Germany). Mass spectros- 2.4. MS conditions
copy-grade formic acid was purchased from Fluka (Buchs
SG, Switzerland). Compounds A and Big. 1) were syn- The heated nebulizer source was operated at@%0pos-
thesized in house by the Merck Frosst Medicinal Chemistry itive ion mode. The discharge current was optimizedjia\3
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[ Pump | respectively. The collision gas (argon) thickness was main-
tained at an instrumental setting of 220.

Mass Spectrometer

Autosampler

L[] ram []

2.5. Standard and sample preparations

Standard solutions of Compounds A and B were pre-
pared in water/methanol (50:50 v/v). Each level of the work-
ing plasma standards was made by manually spiking 8-parts
blank rat plasmawith 1-part of the appropriately diluted Com-
uv pound A standard solution and 1 partinternal standard. The fi-
nal concentrations of the working plasma standards contained
approximately 1-500 ng/ml Compound Awitf20 ng/mlin-
ternal standard Compound B. All plasma-containing samples
were centrifuged at 1009 g for 15 min prior to analysis to

remove any suspended materials.
| Mass Spectrometer |

Autosampler

963

(A)

3. Results and discussion

1

o4

RAM 3.1. Method development

Initial method development efforts were focused on maxi-
v mizing the removal of endogenous plasma components while
ensuring complete retention of the analyte. The flow rate dur-
ing the loading-phase was varied at 1, 2, 3 and 5 ml/min using
amobile phase composition of water/methanol (95:5 v/v). At
Fig. 2. Schematic of RAM column set-up for direct injection (A) loading _eac_h flow rate, analyte breakthroth_ was eval_uf':lted after in-
(B) desorption/analysis. jecting a concentrated standard solution containingd/enl
Compound A in water/methanol (90:10 v/v), while acquiring
High purity nitrogen (99.999%) was used for the curtain gas, a UV signal at. = 254 nm for 1 h. The organic fraction of the
nebulizer gas and auxiliary gas, using settings of 0.6 I/min, extraction solvent was maintaineda10% methanol since
65 psi, 2000 cc/min, respectively. Multiple-reaction monitor- preparations of plasma-based samples and standards required
ing (MRM) was used to quantify Compounds A and B. The |ow levels of organic solvent to prevent protein precipitation
pause and dwell times were optimized to 20 and 200 ms, during analysis. Achieving sufficient solubility of each drug
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Fig. 3. Injection of 2Qul blank rat plasma using UV detectian= 254 nm. The flow rate of the mobile phase, water/methanol (95:5 v/v), was varied from 1 to
5ml/min.
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Fig. 4. Injection of 20—10@. blank plasma using a flow rate of 2 ml/min with UV detectior 254 nm. Mobile phase was water/methanol (95:5 v/v).

compound is also a critical consideration when selecting the  Desorption of the drug analytes was accomplished by a

sample to solvent mixture. Analyte breakthrough was not ob- gradient elution using 0.1% (v/v) formic acid in acetonitrile.

served at any flow rate as measured by UV detection=at A steep gradient was chosen to facilitate desorption of the an-

254 nm (data not shown), indicating successful extraction by alytes from the column, to enable narrow peak shapes and to

the C18 phase within the pores of the RAM particles. shorten analysis times. At this stage, the flow rate was reduced
The removal of the plasma matrix was also investigated to 0.8 ml/min allowing direct coupling to the heated nebulizer

during the sample-loading phase by varying the loading source of the mass spectrometdg. 5shows extracted-ion

solvent flow rate (water/methanol 95:5 v/v) at 1, 2, 3 and chromatograms for Compound A, internal standard and blank

5 ml/min after injection of blank rat plasmg&ig. 3demon- plasma using this method.

strates the effect of increasing the flow rate during the sample

loading stage after a 3l injection of blank rat plasma. At~ 3.2. Precision, accuracy, limit of quantitation and

flow rates of 2ml/min and greater, the majority of plasma linearity

matrix is removed within 3 min, as shown by a decrease in

strongly absorbing plasma front at= 254 nm. The dimen- The precisiondatais summarizedmble 1, along with the

sions of the RAM column (2% 4 mm, i.d.) and the large par-  accuracy calculated as a percentage of the expected concen-

ticle size (25.m), permitted the use of high flow rates which tration. Precision was evaluated over a concentration range of

are more effective for sample cleanup. The removal of plasma1-500 ng/ml with a total ofi = 3 injections for each standard

proteins was further evaluated over a range of injection vol- level. The RSD of the replicate injections was less than 5%

umes typically used for bio-analytical samples. Twenty to at all levels. The limit of quantitation (LOQ) was established

100pl of blank rat plasma were injected using a loading flow at 1 ng/ml using the lowest spiked standard tested. At this

rate of 2 ml/min with UV monitoring at = 254 nm Fig. 4). level, a signal-to-noise of17 was achieved. The method

The intensity of the sample front signal increased with the was demonstrated to be linear over the entire range tested

amount of plasma injected, however, the duration required to (1-500 ng/ml Compound A) with a slope pf= 1.006&, an

flush through the column occurred within the same amount intercept of 0.0076 and a determination coefficie®) of

of time, as shown by a return to a baseline UV signal. For 0.99999. Different sources of blank rat plasma were used

the routine analysis of plasma samples, a loading flow rate of throughout the validation experiments.

2 ml/min was selected and the injection volume maintained

at 50p.l. This injection volume was selected as a compromise 3.3. Recovery

between the limited plasma volumes available and benefit of

sample pre-concentration for improved sensitivity. In order  The recovery was determined by comparing the peak ar-

to prevent damage to the RAM column, an inline filter was eas for Compounds A and B using direct injections of spiked

used to trap particulate materials that may have been presenplasma versus injections of neat standards through the RAM

in plasma samples. No changes in performance of the RAM column. The results summarizedliable 2indicate that Com-

column were observed during the course of the experimentspound A shows a decreased recovery in the plasma matrix,

(approximately 300 injections). while Compound B does not. Changing the ionization mode
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Fig. 5. Extracted-ion chromatogram from a direct injection ofibfat plasma onto a RAM-ADS column (A) Compound B (ISTD) (B) Compound A, 120 ng/ml
(C) blank plasma.

Table 1
Performance of RAM column using direct injections of spiked plasma standards
Compound A
1.0ng/ml o =3) 4.1ng/ml 6 =3) 20.4ng/mlH=3) 101.8 ng/mlii = 2) 509.0 ng/mlf = 3)
Average 12 41 211 1015 5123
Accuracy (%) 11% 1007 1038 997 1006
RSD (%) 39 19 12 - 44
Table 2
Recovery of spiked plasma standards extracted using the RAM column as compared to injections of aqueous standards using MS—MS detection
Compound A Compound B
20 ng/ml 100 ng/ml 500 ng/ml (ISTD)
Plasma Aqueous Plasma Aqueous Plasma Aqueous Plasma Aqueous
Peak area 27919 68995 181597 401742 846254 2021888 136028 134764
38440 75674 186721 419081 900078 2047089 134625 133941
Mean 33180 72335 184159 410412 873166 2034489 135327 134353

Recovery (%) 46 45 43 101




462 R. Papp et al. / Journal of Pharmaceutical and Biomedical Analysis 36 (2004) 457-464

mAU
2000
1750
B 1
@ 1500
(o]
F 1250
4
+ 1000
(0]
o
S 750 ]
Q
[0
o 500 ]
250 ]
0
250 ]
1 2 3 4 5 6 7
Time (Min)

Fig. 6. UV trace at 280 nm using RAM method after a@8njection of blank rat plasma [—] and solvent blank [- - -].

to electrospray (ESI) caused further reductions in recovery or RP-8 may have provided better extraction selectivity and
(13—-21%) of Compound A (data not shown), suggesting that less matrix effects for these compounds.

it is likely a matrix effect causing ionization suppression, The overall implication of the decreased recovery on
since ESI is more prone to matrix effects from plasma than method accuracy was further investigated by correlating re-
APCI [5]. UV detection was employed to further investigate sults to a protein precipitation method that showed full re-
the possible causes for the reduced recovery of Compound Acovery with plasma samples.

in plasma. The possible reasons include co-eluting impurities

causing ion-suppression or non-specific drug—protein bind- 3.4. Correlation of pharmacokinetic data

ing resulting inthe loss of the analyte to waste during the load-

ing stage. Using UV detection at= 280 nm, the HPLC chro- Correlation of the RAM direct injection method to a typi-
matogram of a blank plasma injection showed a large amountcal protein precipitation method was made in order to demon-
of unspecified materials eluting in the region of the drug peak strate accuracy of developed technique. Protein precipitation
(Fig. 6), indicating additional small molecules were extracted was achieved using a 1:1 combination of plasma with a 100%
from plasma by the C18 phase ofthe RAM column. By chang- acetonitrile containing internal standard, followed by cen-
ing toA = 305 nm, and increasing the gradient elution time, it trifugation at 14,000 rpm for 10 min. Analysis of these sam-
was possible to quantitate Compound A or B in plasma using ples was performed using a Phenomenex Luna C18¢2) 2
UV detection. Recovery was then evaluated by comparing 50 mm, 5um particle size analytical column (Torrance, CA,
UV peak areas for each compound in water and plasma ma-USA) with identical MS/MS detection parameters described
trices (se€Table 3. MS data were acquired simultaneously for the RAM analysis. The same mobile phase was also used,
and still showed the same recovery trend. The full recovery by with a flow rate of 0.8 ml/min and a linear gradient from 10
UV suggests that the lower plasma recovery observed usingto 90% B in 8 min (sed-ig. 7). The pharmacokinetic (PK)
MS was because of matrix interference specifically affecting profile of Compound A was measured from plasma samples
Compound A and not extraction problems associated with using both methods after dosing at 3 mg/kg in fasted male
the column, arising from non-specific drug—protein binding. rats g = 4). Fig. 8 shows the PK profiles obtained using
Although not investigated in this study, additional commer- both techniques. The curves are essentially identical and the
cially available RAM-ADS extraction phases such as RP-4 AUC (area under the curve) showed good agreement between

Table 3
Recovery of spiked plasma standards extracted using the RAM column as compared to injections of aqueous standards using UV=d8@Etionand
MS-MS

Compound A (1000 ng/ml) Compound B (1000 ng/ml)

UV A =305nm MS-MS UWVa = 305nm MS-MS

Plasma Aqueous Plasma Aqueous Plasma Aqueous Plasma Aqueous
Peak area 119 105.0 980117 2651648 74.2 78.3 6164118 6352880

1111 110.3 959868 2871300 75.2 78.6 6175282 6402188
Mean 1120 107.7 969993 2761474 74.7 78.5 6169700 6377534

Recovery (%) 104 35 95 97
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Fig. 7. Total-ion chromatogram from a rat plasma sample after dosing with Compound A, injected onto a reversed-phase G@dmpi.d.) C18 column
after sample pretreatment using protein precipitation. Concentration of Compound A was 120 ng/ml. Flow rate = 0.8 ml/min, mobile phase A waiker:metha
(95/5 viv), mobile phasB = 0.1% (v/v) formic acid in acetonitrile, linear gradient of 10-90% B in 8 min.

the direct online extraction and protein precipitation, 25  employed to combine the internal standard (IS) to the sam-
1.0pg h/mlversus 2.& 0.9ug h/ml (meant S.D.), respec- ple in the correct proportion. The injector program option
tively. A correlation coefficient of 0.993 was found between was setup to draw the IS solution(d, followed by plasma
both sets of results confirming the accuracy of the developed(45ul) and finally a small volume of air (1l) to prevent
RAM approach, even though a decreased recovery was ob-dripping during mixing cycles. The combination was mixed
served. Any effect of the matrix was therefore compensatedin the injector loop using 3 mix cycles, prior to injection.
by using spiked plasma standards to generate a linear cali-This approach was an important use of RAM technology,

bration curve. since it eliminates a tedious step of transferring a correct
volume of internal standard to a specified amount of sam-
3.5. Automated addition of internal standard ple plasma. In order to fully benefit from the direct injec-

tion of large numbers of plasma samples, tedious prepara-
We also investigated the preparation of plasma samplestion steps such as pipetting, mixing and labeling new vials,
using a single centrifugation step, since the autosampler wasshould be eliminated. The results of the automated addi-
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Fig. 8. Comparison of pharmacokinetic profiles of Compound A obtained using protein precipitation [—] and RAM extraction [- - -] methods.
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Table 4
Results obtained using automated addition of internal standard to plasma standards
Compound A

1.0ng/ml 4.0ng/ml 20.0ng/ml 99.8 ng/ml 399.1 ng/ml
Results (ng/ml) 1.2 35 20.6 111.4 389.1

1.0 3.7 21.1 110.0 405.5

Mean 11 37 20.8 110.7 397.3
Accuracy (%) 110 93 104 111 99.5

tion are presented iffable 4 The precision and linearity =~ Acknowledgments
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